We observed the partial pressure of oceanic CO 2 , pCO 2 sea , and related surface properties in the westernmost region of the subarctic North Pacific, seasonally from 1998 to 2001. The pCO 2 sea in the Oyashio region showed a large decrease from winter to spring. In winter, pCO 2 sea was higher than 400 µatm in the Oyashio region and this region was a source of atmospheric CO 2 . In spring, pCO 2 sea decreased to extremely low values, less than 200 µatm (minimum, 139 µatm in 2001), around the Oyashio region with low surface salinity and this region turned out to be a strong sink. The spatial variations of pCO 2 sea were especially large in spring in this region. The typical Oyashio water with minimal mixing with subtropical warm water was extracted based on the criterion of potential alkalinity. The contribution of main oceanic processes to the changes in pCO 2 sea from winter to spring was estimated from the changes in the concentrations of dissolved inorganic carbon and nutrients, total alkalinity, temperature and salinity observed in surface waters in respective years. These quantifications indicated that photosynthesis made the largest contribution to the observed pCO 2 sea decreases in all years and its magnitude was variable year by year. These year-to-year differences in spring biological contribution could be linked to those in the development of the density stratification due to the decrease in surface salinity. Thus, the changes in the surface physical structure could induce those in pCO 2 sea in the Oyashio region in spring. Furthermore, it is suggested that the direction and magnitude of the air-sea CO 2 flux during this season could be controlled significantly by the onset time of the spring bloom.
Introduction
The Oyashio forms southeast of Bussol' Strait through the confluence of the East Kamchatka Current and waters exiting the Okhotsk Sea (Ishikawa, 1988; Ohtani, 1989; PICES, 1995) . The source of the Oyashio influenced by these water masses (Hanawa and Mitsudera, 1987; Kono, 1997) . The distributions of these water masses in this region vary according to the seasonal and oceanic conditions (e.g., Yoshida, 1992; Iwao and Chotoku, 1996) . The behavior of the Oyashio intrusion could be linked to the barotropic response of the subarctic gyre to the change in the wind stress characterized by the development of the Aleutian low (Sekine, 1988) . The Oyashio region is frequently defined by a water temperature of less than 5°C at 100 m depth (Yoshida, 1992; PICES, 1995) .
The winter surface water in the Oyashio region contains one of the highest concentrations of dissolved inorganic carbon, DIC, and nutrients in the world oceans, supported by their supply from deep water in the WSG and the Bering Sea. On the other hand, it is known that an intense spring bloom occurs in this region (e.g., Kawarada and Sano, 1972; Saito et al., 1998) . The primary production during the spring bloom frequently reaches 1-3 g C m -2 d -1 Shiomoto, 2000) , which is very high, as in the open ocean. Saito et al. (2002) reported a high ratio of export production, shown by a high f-ratio exceeding 0.8, due to rapid sinking of diatoms. Such biogeochemical conditions mean that the Oyashio region shows distinct seasonal changes and large seasonal amplitude in the partial pressure of oceanic CO 2 , pCO 2 sea (Takahashi et al., 1991; Sasaki et al., 1998; Zeng et al., 2002) . Large variations of pCO 2 sea in this region are interesting from the viewpoint of their influence on the variations of atmospheric CO 2 concentrations.
With regard to the variations of pCO 2 sea in the subarctic region, their dependence on the sea surface temperature, SST, is weak and other physical and biological factors than SST could play significant roles in determining pCO 2 sea (Stephens et al., 1995; Murphy et al., 1998; Midorikawa et al., 2002) . However, the controlling factor of seasonal changes in pCO 2 sea has not been quantitatively estimated due to the paucity of observation data from the Oyashio region.
We have observed pCO 2 sea southeast of Hokkaido in the westernmost region of the subarctic North Pacific, seasonally from 1998 to 2001. The pCO 2 sea in the Oyashio region displayed a much larger decrease from winter to spring, compared with other seasons (Kamiya et al., 1999 . The magnitude of the decrease in pCO 2 sea was found to be different year by year. In the present study we examine major factors that could result in a different amplitude of seasonal changes in pCO 2 sea in the Oyashio region between these years.
Samples and Methods
Observations of pCO 2 , DIC, temperature, salinity, nutrients and chlorophyll a in surface waters were made on board the R/V Kofu Maru of Hakodate Marine Observatory in the longitudes 141°40′-147°E along 41.5°N and the adjacent region ( Fig. 1 ) in the western subarctic North Pacific in winter (end of January to early February) and spring (late April to early May) of the years 1998 to 2001 (Table 1 ). The pCO 2 was not determined in the winter of 1998.
Air for the measurements of the partial pressure of atmospheric CO 2 , pCO 2 air , was pumped continuously from the bow of the ship. Surface water was pumped continuously from the ship's seachest at ~1.5 m depth by an underway pumping system for the measurements of sur- The pCO 2 sea measurements were made twice an hour using an equilibrator of the shower-head type and a nondispersive infrared (NDIR) gas analyzer (Model 3.1, Binos), based on the WMO 1995 mole fraction scale, as described earlier (Inoue and Sugimura, 1992; Midorikawa et al., 2002) . The conversion of mole fraction to the equilibrator pCO 2 sea was based on the equation of Weiss and Price (1980) . Values of pCO 2 sea were corrected to those at in-situ temperature using the relationship given by Weiss et al. (1982) . The precision of the measurements of pCO 2 air and pCO 2 sea was better than 0.2 and 2 µatm, respectively.
Surface waters pumped up for the measurements of DIC, nutrients and chlorophyll a were collected every 20′ of longitude. DIC sample water was treated with HgCl 2 as a preservative immediately after sampling and stored at a room temperature until subsequent analysis on land. The DIC concentrations were determined with the coulometric technique using an automated CO 2 extraction unit and a coulometer (model 5012, UIC Inc., USA) with a precision of less than 2 µmol kg -1 , according to the procedure of Ishii et al. (1998) . The DIC concentration was quantified based on Certified Reference Material provided by Dr. A. G. Dickson of the Scripps Institution of Oceanography. The nitrate (NO 3 -), nitrite (NO 2 -) and phosphate (PO 4 3-) concentrations were measured by standard colorimetric methods using an auto-analyzer (Auto Analyzer II, Bran Luebbe) immediately after sampling. The precision obtained from duplicate analyses amounts to 0.1 µmol kg -1 , 0.01 µmol kg -1 and 0.01 µmol kg -1 for nitrate, nitrite and phosphate, respectively. After filtration through a Whatman GF/F filter, chlorophyll a was extracted with 90% acetone and determined by fluorometry using a fluorophotometer (Model Yagishiki UM-2S, Kotaki Seisakusho, Funabashi, Japan).
The total alkalinity (TA) was calculated by the methods of DOE (1994) . The uncertainty of total alkalinity was 4 µmol kg -1 . To examine the effects of properties other than temperature and salinity on the variation of pCO 2 sea , pCO 2 sea normalized to a temperature of 5°C and a salinity of 33 (n-pCO 2 sea ) was calculated by using the equations of DOE (1994) but Weiss et al. (1982) when there were no matched DIC data. The concentrations of DIC and nutrients and TA were normalized to a salinity of 33 in order to exclude the influence of water balance and were expressed as n-DIC, n-NO 3 , n-PO 4 and n-TA, respectively.
In the present study, the Oyashio region was identified as any station with a water temperature of lower than 5°C at 100 m depth according to Yoshida (1992) . Furthermore, surface data with salinity of higher than 33.6 were excluded from the Oyashio region, according to Ishikawa (1988) . was about 375 µatm in both winter and spring each year, whereas, pCO 2 sea varied both spatially and seasonally. In winter, pCO 2 sea was higher than pCO 2 air in a part of the region, indicating that this region was a source for atmospheric CO 2 . In spring, pCO 2 sea was lower than pCO 2 air in the whole region, indicating that this region was a sink.
The pCO 2 sea values of higher than 400 µatm were observed in a part of the Oyashio region (indicated by arrows in The Oyashio water expanded over a wide region in both winter and spring in 1998 and 2001. In 1999, the Oyashio region was wide in winter but retreated in spring. In spring of this year, warm water with high salinity and poor DIC derived from the Tsugaru Warm Current spread west of 144°E. In 2000, the expansion of the Oyashio water was weak. 
Distributions of surface properties along 41.5°N
Although n-DIC, n-NO 3 and n-PO 4 were high in winter in all years, these winter concentrations in 2000 were lower than those in other years in almost the entire region . In spring, n-NO 3 decreased greatly and was depleted in the region with low pCO 2 sea values in 1998, 1999 and 2001, whereas n-PO 4 was not depleted. By contrast, in spring of 2000, n-NO 3 was not depleted in the whole region and little change in nutrient concentrations was observed in a part of the region. On the other hand, n-NO 3 values of about 10 µmol kg -1 were observed in places in spring of all years. In these sites, pCO 2 sea and n-DIC were relatively high. The n-DIC values had approximately similar distributions to those of n-PO 4 but partly showed different local variations, such as relatively high concentrations at 143°-143°40′ E in spring 1998 (which is interpreted in Subsection 4.4 below). The concentrations of chlorophyll a (Fig. 6) were very low in the whole region in winter and variable in spring. The spring chlorophyll-a concentrations were very high (20-30 µg kg -1 ) in the Oyashio region in 2001, whereas they were low in 1999 and 2000. In spring of 1998 chlorophyll-a concentrations exceeding 10 µg kg -1 were observed in the Oyashio region.
Discussion
The correspondence between pCO 2 sea and the concentrations of DIC and nutrients in the distributions along 41.5°N indicates that biological consumption could be involved in the variations of pCO 2 sea . In order to understand the controlling factors of pCO 2 sea in the Oyashio region, it would be important to evaluate the influence of the spring bloom on the variations of pCO 2 sea and further seasonal air-sea CO 2 flux quantitatively. Based on the observed results, the characteristics of the carbonate systems in the Oyashio water were investigated.
Relationships between surface properties in the Oyashio region in winter and spring
The relationships between surface properties in the Oyashio region (shown with arrows in Figs. 3-5) are shown in Fig. 7 . The correlation between n-NO 3 and n-PO 4 was high (r = 0.982) and the ratio of N/P was 13.4 ± 0.4. This value of N/P ratio was close to the Redfield ratio of 16 so that the contribution of biological consumption to the variations of these properties could be predominant. Because n-DIC was highly correlated with n-NO 3 (r = 0.819) and n-PO 4 (r = 0.888), it is suggested that the variations of DIC concentration could also be significantly affected by biological activity. The relationship between n-DIC and n-TA showed a high correlation in winter (r = 0.755), but not in spring. The C/N ratio (5.6 ± 0.7 in Fig. 7(a) ) for surface concentrations was lower than that for biological consumption (R C/N = 7.4). Because of a minor contribution of nitrite (less than 0.5 µmol kg -1 ; data not shown) and ammonium (less than 1 µmol kg -1 ; Saito et al., 2002) in surface waters in this region in winter-spring, the low value could be attributed to the changes in the surface DIC concentration due to the airsea CO 2 exchange during the preceding period as follows. In the sites with high DIC concentrations in winter, because such a region could be a source of atmospheric CO 2 , the CO 2 efflux could have reduced the DIC concentration as well as biological consumption. By contrast, in the sites with low DIC concentrations in spring, because this region was a strong sink, the CO 2 influx from the atmosphere after an intense bloom could have enhanced the DIC concentration. These two effects could contribute to the low ratio of C/N (and C/P). Thus, the seasonal carbon deficit in the Oyashio region from winter to spring could be derived from both biological consumption and air-sea CO 2 exchange. In order to understand the effects of the seasonal air-sea CO 2 flux on the changes in pCO 2 sea , it is necessary to evaluate the R C/N value originating from biological consumption with the least possible influence of air-sea interaction. For such procedures, it is considered to be profitable to utilize abrupt, large decreases in the concentrations of DIC and nutrients predominantly due to biological consumption, occurring for a short span of time during the blooming event.
In the present study we have evaluated the R C/N value in the Oyashio region using the spring surface observation results as follows. To exclude the contribution of airsea CO 2 exchange to the change in the surface DIC concentration, the mature bloom sites (shown in Fig. 1) , where abrupt increases in the chlorophyll-a concentration (3-16 µg kg -1 ) and abrupt decreases in pCO 2 sea (44-244 µatm), n-DIC (25-134 µmol kg -1 ) and nutrient concentrations (n-NO 3 of 3-18 µmol kg -1 ) were observed locally, were extracted from the spring observations around the 41.5°N line in 1998-2001. The R C/N value was calculated to be 7.4 ± 0.5 (Fig. 8) based on the differences in the surface concentrations of DIC and nitrate between the bloom sites and their respective neighboring non-bloom sites. This R C/N value is close to that (R C/N = 7.8; Midorikawa et al., 2002) estimated in the WSG, which is one of sources of the Oyashio water. 
Estimation of pCO 2 sea in the Oyashio region in winter, 1998
Although the pCO 2 sea was not determined in winter of 1998, we observed temperature, salinity and nutrients in surface waters. Based on observational data from 1998 to 2000, the n-DIC was estimated using the relationships shown in Figs. 7(a) and (b) and was averaged. The differences in n-DIC between estimates from n-NO 3 and n-PO 4 were 2 ± 2 µmol kg -1 (n = 13) and were as small as the uncertainty in the DIC measurements. The n-TA was estimated using the relationship in winter in Fig. 7(d) . Using the values of observed temperature and salinity, estimated DIC concentration and TA, the pCO 2 sea values in the Oyashio region in winter of 1998 ( Fig. 2(a) ) were estimated by the method of DOE (1994) . To validate the estimation of winter pCO 2 sea , the same calculation procedure was applied to the sets of observational data in the Oyashio region in winter of 2001 when the pCO 2 measurements were performed. The estimated pCO 2 sea values agreed with the observed ones within 3 ± 7 µatm (n = 8).
Controlling factors of pCO 2 sea in the Oyashio region from winter to spring
Because the flow path of the Oyashio often shifts in this region (Yoshida, 1992; Iwao and Chotoku, 1996) , any comparison between winter and spring at a given fixed site is meaningless. To investigate the cause of the seasonal changes in pCO 2 sea in the most typical Oyashio water, we attempted to extract surface waters with the least influence of warm water with high salinity and low alkalinity. In this region, however, it is difficult to distinguish between water masses by using the criteria of temperature and salinity (Hanawa and Mitsudera, 1987) . It has been reported that n-TA of two surface source waters of the Oyashio was 2230-2240 µmol kg -1 in winter-spring and 2240-2260 µmol kg -1 in autumn in the WSG (Midorikawa et al., 2002 , and 2230-2250 µmol kg -1 in winter-spring (Otsuki et al., 2003) and 2240-2280 µmol kg -1 in autumn (Bychkov and Whitney, 2003) in the Okhotsk Sea. The n-TA in the Oyashio source waters varied depending on biological activity. We introduced potential alkalinity (Brewer and Goldman, 1976; Otsuki et al., 2003) , n-PA, defined in the following equation: n-PA = n-TA + n-NO 3 + n-PO 4 (at S = 33), (1) because this parameter does not change through the process of organic matter production by the photosynthesis. As shown below in this section, there was little production of CaCO 3 particles in this region from winter to spring. The n-PA in two Oyashio source waters was calculated to be 2260 ± 7 µmol kg -1 in the WSG and 2262 ± 9 µmol kg -1 in the Okhotsk Sea, regardless of the conditions of biological modification. On the other hand, the subtropical water has n-PA of 2184 ± 4 µmol kg -1 as the average in the western North Pacific with no seasonal change (Ishii et al., 2001) . The relationships between n-PA and salinity in the Oyashio region are shown in Fig.  9 , together with those in other regions. Most data of the Oyashio water were plotted around those of the Oyashio source waters. Waters mixed with warm water were plotted roughly between the Oyashio source and subtropical waters. The linearity of these relationships in two sea- Fig. 8 . Relationship between n-DIC and n-NO 3 deficits, calculating from the difference in the concentrations in surface waters between bloom sites (Fig. 1) and their neighboring non-bloom sites. The linear regression line is ∆n-DIC = (7.4 ± 0.5) ∆n-NO 3 + (0.5 ± 6.0) (r = 0.969). Fig. 9 . Relationships between n-PA and salinity in the Oyashio region and its surroundings. Oyashio region in winter () and spring (᭹); mixed region (temperature of higher than 5°C at 100 m) in winter (×) and spring (+); WSG (᭛; Midorikawa et al., 2002 Midorikawa et al., , 2003 ; Okhotsk Sea (᭝; Otsuki et al., 2003; Bychkov and Whitney, 2003) ; subtropical water (ᮀ; Ishii et al., 2001 ).
sons was perturbed by possible influence of waters with different salinity (Hanawa and Mitsudera, 1987; Talley et al., 1995) . Greater scattering in spring could be due to larger salinity variability than that in winter. When the typical Oyashio water is defined as waters with a mixing ratio with subtropical water of less than 10%, we can use n-PA of higher than 2250 µmol kg -1 as its criteria. The locations of the typical Oyashio water coincided roughly with the region with a temperature minimum lower than 2°C at depths around 100 m. In this region, it was found that elevated pCO 2 sea and nutrients occurred in winter and large decreases occurred in spring due to intense photosynthesis. This region was considered to correspond to the center of the first Oyashio intrusion (Kawai, 1972) and could retain the properties of the typical Oyashio water because of no or minimal mixing with warm water derived from the Kuroshio. It is considered that the classification due to the n-PA values could be effective for monitoring and analyzing the seasonal and interannual variations of the carbonate systems in surface waters in the Oyashio region because of the ineffectiveness of the water mass classification with salinity.
To examine the major factors that could result in a large decrease in pCO 2 sea in the Oyashio region from winter to spring, the contribution of related oceanic processes to the seasonal changes in the surface DIC concentration and pCO 2 sea was estimated ( Fig. 10(a) ) from the calculation using the averages of SST, salinity, n-DIC and n-TA in the typical Oyashio water. The fraction of the changes in pCO 2 sea due to those in temperature or salinity from winter to spring was calculated using the equations of DOE (1994) . The contribution of photosynthesis was evaluated based on a combination of the nitrate deficit and a C/N ratio of 7.4 estimated for biological consumption as well as the changes in TA. The contribution of CaCO 3 particle production was evaluated from the TA changes except for those originating from photosynthesis. The air-sea CO 2 flux (the fifth process) was calculated by balancing the observed overall change and the sum of changes due to the processes 1-4 in Fig. 10 .
It was indicated that the contribution of photosynthesis to the observed pCO 2 sea decreases was the largest in all years and its magnitude was variable year by year. The increase in pCO 2 sea due to the rise in water temperature was also significant in 1998, 2000 and 2001. On the other hand, the contribution of the change in salinity and production of CaCO 3 was minor. To compare the magnitude of the contribution of the oceanic processes other than the changes in temperature and salinity, the changes in n-pCO 2 sea and n-DIC concentration were shown in Fig.  10(b) . Although the year-to-year variations of n-pCO 2 sea and n-DIC concentration according to the winter convective conditions were observed, the magnitude of these variations was much smaller than the biological contribution. It is suggested that the carbonate system in spring could be governed predominantly by the progression of the photosynthesis, e.g., a relatively small decrease in pCO 2 sea from winter to spring in 2000 was due to a small degree of photosynthesis. The magnitude of the changes in pCO 2 sea in the typical Oyashio water due to respective oceanic processes was listed in Table 2 . Sasaki et al. (1998) reported that in the Oyashio region, the variations of pCO 2 sea through the biological process would be larger than that through the mixing process of different water masses. They also indicated that sea -DIC and (b) n-pCO 2 sea -n-DIC. Process 1, temperature change; Process 2, salinity change; Process 3, photosynthesis; Process 4, CaCO 3 particle production; Process 5, air-sea CO 2 flux. (b) n-pCO 2 sea was calculated by using the equations of DOE (1994).
Interannual variations of the spring biological effects
the pCO 2 sea was not correlated linearly with the in-situ chlorophyll-a concentration in the Oyashio region. In the present study, the different spring biological conditions in respective years were perceived from the observations of DIC, nutrients and chlorophyll a (Figs. 3-6 ). Although the chlorophyll-a concentrations were low over a wide region in spring of 1999 and 2000, the biological conditions could be widely different between these two years. The n-NO 3 values, thought to be the limiting nutrient, were low over a wide region and were depleted locally in 1999, but were about 10 µmol kg -1 east of 143°E in 2000. These results suggest that the spring bloom had finished over a wide region in 1999 but had not yet occurred in 2000. In 2001, n-NO 3 was depleted in the high chlorophyll-a (20-30 µg kg -1 ) region around 144-145°E, indicating that this region was in mature bloom. In 1998, although the chlorophyll-a concentrations exceeding 10 µg kg -1 were observed in 143-145°E, n-NO 3 was depleted west of 144°20′ E but not consumed in the east, indicating that the bloom had proceeded west of 144°20′ E. Corresponding to low n-NO 3 in the Oyashio region, low pCO 2 sea values of less than 200 µatm were observed around 142°40′ E and 144°-144°20′ E in 1998 and in 144-145°E in 1999 and 2001 . The in-situ chlorophyll-a concentrations could not necessarily indicate detailed biological conditions in our results and therefore might not correspond to the variations of pCO 2 sea . Tadokoro (1997) and Sugimoto and Tadokoro (1998) have suggested that a large amplitude of spring bloom in the cold Oyashio water could be caused by the early start of density stratification due to the decrease in surface salinity. Figure 11 shows the relationship between npCO 2 sea and surface salinity (or density, σ t ) in the Oyashio region in spring. The n-pCO 2 sea depended significantly on salinity and σ t , regardless of the exclusion of the effects of both salinity and temperature by the normaliza- The data in 1998 were not included because the correspondent salinity was not measured continuously. The n-pCO 2 sea was calculated by using the equations of Weiss et al. (1982). tion, although the relationship showed some scatter because of possible year-to-year differences in properties of the Oyashio water due to different biological modification as well as different air-sea interaction. The correlation coefficient of n-pCO 2 sea with σ t (r = 0.705) was higher than that with salinity (r = 0.546). On the basis of the CTD measurements each 20′ of longitude, the difference (∆σ t ) in σ t between 5 and 50 m in the region with low pCO 2 sea values was large, e.g., 0.27 ± 0.01 (n = 4) in 144-145°E in 1999 and 0.35 ± 0.04 (n = 4) in 144-145°E in 2001. On the other hand, in 2000, before the bloom, ∆σ t was very small (0.03 ± 0.05; n = 3); the stratification did not develop in the upper water column and, therefore, low surface biological consumption could not lower pCO 2 sea . In 1998, the surface density gradient (∆σ t = 0.43 ± 0.08; n = 6) in 142°40′-144°20′ E with low pCO 2 sea values (206 ± 16; n = 27) was larger than that (∆σ t = 0.16 ± 0.06; n = 4) in 145-146°E with high pCO 2 sea values (285 ± 7; n = 29). The magnitude (0.33) of interannual variations of σ t at 5 m in the Oyashio region during 1998-2001 was three times larger than that (0.09) at 50 m, indicating a dominant contribution of the surface σ t decrease to stratification. A larger amplitude of the drawdown of pCO 2 sea had occurred in surface waters with steeper density gradient, especially due to lowering of surface salinity.
Preliminary calculation based on vertical profiles of n-NO 3 in the Oyashio region in 144-145°E indicated large surface n-NO 3 deficits of 0.9-1.2 mol m -2 in 1998, 1999 and 2001 and small (0.3 mol m -2 ) in 2000 in the upper water column above the compensation depth from winter to spring, corresponding to the mixed-layer depth of 38, 26, 115 and 27 m in spring of 1998, 1999, 2000 and 2001, respectively , defined based on a density criterion of an increase in σ t of less than 0.125 from that at 10 m (e.g., Miller, 1976) . These year-to-year differences coincided well with those in pCO 2 sea . When we used the R C/N of 7.4, vertically integrated carbon deficits derived from biological consumption were estimated to be 7-9 mol C m -2 in 1998, 1999 and 2001 and 2 mol m -2 in 2000. The seasonal carbon deficit in 2000 was even higher than these values (0.1-0.9 mol C m -2 ) in the WSG in the same season .
These results support the hypothesis advanced by Tadokoro (1997) . The local stratification in surface less saline patches could contribute significantly to a large surface biological consumption of DIC and, consequently, to the intense local drawdown of pCO 2 sea . Thus, the changes in the surface physical structure could result in the spatial variations of pCO 2 sea in spring. The year-toyear differences in spring biological conditions may also be due to those in the surface stratification. These physical and biological conditions are in marked contrast to a persistently low surface biological consumption and high pCO 2 sea under the deep vertical mixing till late in spring in the WSG (Midorikawa et al., 2002) , as one of the source for the Oyashio water.
Although the contribution of surface biological consumption was large in 1998, 1999 and 2001, the contribution of the air-sea CO 2 flux to the pCO 2 sea changes was different individually in these years (Table 2 ). These differences might be attributed to the abovementioned differences in the spring biological conditions, i.e., the time when the bloom occurred in the respective years, as follows. In 1998, the spring bloom occurred early and greatly decreased the pCO 2 sea west of 144°20′ E, and this region could then absorb the atmospheric CO 2 exceeding the efflux before the bloom. Relatively high n-DIC and pCO 2 sea (but almost depleted n-NO 3 ) in 143°-143°40′ E in spring 1998 (Figs. 2(a)-4(a) ), compared with those at the neighboring sites, were not be attributed to low surface biological consumption but to larger CO 2 influx from atmosphere (+65-68 µatm as its contribution to the pCO 2 sea change), in contrast with high n-DIC and pCO 2 sea (also high n-NO 3 and n-PO 4 ) due to low surface biological consumption in 145-146°E. On the other hand, in 2001 there was not enough time to absorb the atmospheric CO 2 because it was in mature bloom at the observation time and the pCO 2 sea had just dropped. In 1999, it lay midway between 1998 and 2001: the preceding CO 2 efflux could just be counteracted by the influx after the bloom. This region could continue to evolve CO 2 in 2000 when surface biological consumption was low. It is likely that the air-sea CO 2 flux could be controlled significantly by surface biological activity in the Oyashio region during this season.
The effects of variations of wind speed on the airsea CO 2 flux also had to be considered. The wind data were taken from the global atmospheric analysis of the Japan Meteorological Agency and averaged in the region of 41-42°N, 144-147°E, where the Oyashio water could frequently spread. The wind speed averaged in FebruaryApril was weak (6.6 m s -1 ) in 1998 and strong (8.3-8.4 m s -1 ) in 2000 and 2001. In years when wind was strong, both evolution and absorption of CO 2 could be enhanced. If spring bloom occurred late in 2001, the enhanced CO 2 efflux from ocean to air could significantly exceed the influx for a short period after the bloom, resulting in a relatively large net efflux during this period. It is possible that in 2000, larger CO 2 efflux was expected due to strong wind because of a small air-sea pCO 2 difference even in spring. These estimates are consistent with the results presented in Table 2 . However, a more quantitative, future discussion should cover the assignment of the onset time of spring bloom as well as the determination of time series of the mixed-layer depth throughout the period from winter to spring.
In conclusion, it is suggested that the direction and magnitude of the air-sea CO 2 flux in the Oyashio region from winter to spring could be controlled by the onset time of spring bloom associated with the freshening of surface waters. To understand the carbon cycle in this region, it is important to clarify the origin of the freshening and evaluate quantitatively the effects of changes in the surface oceanic conditions on pCO 2 sea . The associated air-sea CO 2 exchange in this region will be investigated in future studies.
